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Abstract
Technology and Protocols for Translational Research in Electrical Stimulation
by
Asif Rahman

Noninvasive electrical stimulation techniques like transcranial direct currents stimulation
(tDCS) have been demonstrated to modulate neural function. Weak constant current is
applied via scalp electrodes leading to subthreshold changes in neuron membrane
potentials. Neuromodulation of the cortex using direct current (DC) stimulation may be a
viable treatment for neurological disorders, enhancing cognitive function as well as
facilitating neural plasticity. Theoretically, tDCS can employ many electrodes montages
to emphasize directionality, focality, or intensity (Datta 2008, 2009, Dmochowski 2011)
but what remains unclear is how these parameters influence cortical neurons considering
their orientation and the local synaptic circuit in the region of interest. The aim of this
thesis is to establish the framework for further investigation in modulating synaptic
potentiation using direct current in the context of clinically relevant techniques, like
tDCS. Mechanistic studies of electric field effects on neuronal ensembles first require
electrophysiological characterization of a target brain region, such as the primary motor
cortex that is involved in motor rehabilitation. Furthermore, when considering synaptic
effects, it is important to consider local and regional synaptic circuits. Using experimental
techniques this thesis establishes the parameter space for studying DC field effects on
synaptic plasticity in the rat primary motor cortex.
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Chapter 1
Introduction
Brain therapy using electrical stimulation of the central nervous system is either invasive
(deep brain stimulation, cranial electrical stimulation, transcutaneous electrical
stimulation) or noninvasive (transcranial electrical stimulation, transcranial magnetic
stimulation, transcranial direct current stimulation). Noninvasive therapies eliminate the
risk of infection since an incision is not necessary but are generally less focal than
implanted stimulation modalities. The therapeutic benefits of electrical stimulation of the
brain have been demonstrated in the treatment of neurological disorders and cognitive
function as well as neural plasticity (Nitsche 2000, Fregni 2005, Marshall 2005,
Liebetanz 2006). Although electrical stimulation of the brain to elicit a positive
behavioral outcome is a centuries old technique, it is still unclear what mechanisms
govern long-term changes in neural excitability using electrical stimulation.

1.1 Neural Excitability
Fritsch and Hitzig in their landmark 1870 article first proposed the concept of the
excitable brain, challenging the then established fact that the cerebral hemispheres were
nonexcitable (Fritsch and Hitzig 1870). They electrically stimulated parts of the motor
cortex to elicit muscle movements and thus were able to correlate regional neural
excitability to functional effects – a principle also championed by Broadmann. Neural
excitability is a fundamental concept of neuromodulation, which works by passing
constant current to create a voltage gradient in the brain between a positive electrode
(anode) and a negative electrode (cathode). The electric field (∆V/d, change in voltage
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over a distance) leads to changes in neural excitability (Jefferys 1981, Bikson 2010).
Neuromodulation using electric fields is actively being applied in clinical research for
stroke rehabilitation, seizure control, and as treatments for other neurological disorders
(Gluckman 1996).

1.2 Transcranial Direct Current Stimulation
Transcranial direct current stimulation is a form of neuromodulation that is believed to
generically increase excitability under an anode electrode placed on the head and
generically decreases excitability under the cathode electrode. As described above, low
intensity current (<2 mA) is injected trough the anode electrode and an electric field (1
mA typically corresponding to 1 V/m in the brain) is generated in the brain effectively
altering brain activity. Although tDCS is still an experimental technique it has been used
in clinical research to treat depression, motor rehabilitation, chronic pain, and other brain
related diseases. Passing current trough large sponge electrodes on the head, however,
does not produce focal regions of excitability but is rather disperse across the head.
Proposed protocols for optimizing tDCS involve arranging the electrode montage to
emphasize focality or intensity. Furthermore, multiple electrodes can be arranged to also
emphasize the direction of current flow in the brain. It is therefore, important to
characterize the influence of the direction of current flow on synapses and cortical
circuits.

1.3 Effect of Electrical Stimulation on Cortical Neurons
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Electrical stimulation can be suprathreshold, clinically TMS and TES, or subthreshold
like tDCS. The main distinction being that suprathreshold stimulation induces action
potentials in cortical neurons by raising the membrane potential beyond the firing
threshold. Subthreshold electric fields do not elicit firing but interact with neurons by first
altering the membrane potential (Vm) as a direct action of the stimulus (Rattay 1999).
The passive electrical properties of the neuron (resistance and capacitance) determine the
magnitude and timing of the membrane response. The change in membrane potential
(∆Vm) alters the driving force and thus the flow of current through voltage-gated ion
channels (McIntyre and Grill 1999). The magnitude and timing of these changes depend
on the gating kinetics of ion channels. Overall modulation of firing properties depend
lastly on the action of the electrical stimulus on presynaptic neurons as well as
postsynaptic neurons, which can lead to changes on synaptic strength on different time
constants (τ < 1sec, facilitation; τ < 1 min, augmentation; τ > 1 min, potentiation).

1.4 Compartment Specific Polarization
Electric fields applied to the brain cause cell membrane polarization and this polarization
is compartment specific (Chan 1988, Durand and Bikson 2001, Bikson 2004, Radman
2009). Electric fields can also preferentially affect both pre- and post-synaptic neurons by
altering the membrane potential and driving force of voltage-gated ion channels (Del
Castillo and Katz 1954, Bullock 1957, Hubbard and Willis 1962, Takeuchi and Takeuchi
1962, Hubbard and Willis 1968, Dudel 1971, Awatramani 2005). Positive fields will
polarize neurons along the somatodendtritic axis if the field is oriented parallel to the
neuronal axis. Fields oriented orthogonally will be less effective on somatic polarization
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but will preferentially polarize axons and axon terminals. Thus, a “positive field” will be
soma depolarizing and a “negative field” is soma hyperpolarizing (Creutzfeldt 1062,
Purpura and McMurty 1965a, 1965b). Fields also polarize axons and axon terminals.
Traditionally, positive fields – or current going into the cortex increases excitability and
negative fields – current going out of the cortex decreases excitability (Purpura and
McMurty 1965a, 1965b). Enhancement of activity can take place with soma
depolarization, axon terminal hyperpolarization, and with depolarization at the site of
activation along an axon.

Figure 1-1: Compartment specific polarization. Soma depolarization, terminal
hyperpolarization, and depolarization of the axon site of activation will lead to an
increase in neuronal excitability.

1.5 Electrophysiological Parameters
Synaptic modulation by DC fields will be highly sensitive to the direction of the electric
field and the local synaptic circuits considering that fields affect both pre- and postsynaptic neurons. Synaptic communication is dependent on the initial state of both
neurons so we hypothesize that a DC field will preferentially activate pre- and post7

synaptic neuronal compartments. The parameter space must therefore take into
consideration the initial state of pre- and postsynaptic neurons, which will be different
because compartmental polarization is direction sensitive relative to the electric field.
This thesis explores the electrophysiological parameters that can be experimentally
controlled to study modulation of synaptic efficacy with direct current stimulation. These
parameters include controlling the electric field direction, cortical synaptic pathway,
experimental conditions like temperature and ACSF composition, polarity of the DC
field, electric field uniformity, and orientation of neurons relative to the electric field.

Chapter 2
Methodology
Rat brain slices were used to study the influence of electric fields on local synaptic
circuits in the primary motor cortex by (1) characterizing synaptic responses from
different cortical pathways (2) demonstrating synaptic and non-synaptic responses using
pharmacological agents, (3) describing the relationship between stimulation intensity,
response amplitude, and response latency, (4) and modulating the electrophysiological
response using uniform direct current electric fields.

2.1 The Synaptic Organization of The Rat Primary Motor Cortex
When we consider the actual connectivity of neurons in the brain it becomes clear that
the traditional notion of “excitatory” and “inhibitory” fields is more complicated on scale
of cortical circuits. The cortex has a uniform laminar structure that historically has been
divided into six layers. The upper layers (I to IV) form localized intracortical connections

8

and are thought to process information locally. The deep layers of the cortex, V and VI,
form longer-distance projections to subcortical targets and to the opposite hemisphere.
Some layer V neurons are among the largest cells of the brain and exhibit the longest
connections. Stimulation of different layers will produce sinks (or regions of synaptic
activation) in distinct locations (Keller 1993, Aroniadou and Keller 1993, Aroniadou and
Keller 1995, Castro-Alamancos 1995, Hess 1996). Figure 2 is a simplified circuit
schematic of the cortex showing how afferent fibers project to different regions of the
brain. Such that stimulating in layer V with a single pulse causes activation at multiple
synapses because these axon projections follow distinct pathways in the cortex. Somas,
dendrites, axons and synapses in the cortex will all be polarized in one direction or
another when there is an electric field.
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Figure 2-1: Schematic of Cortical Synaptic Pathways In Rat M1. Diagram summarizing
the synaptic circuits in this study. Line thickness and diameter of the filled circles, which
represent synapses, are correlated with the strength of the synaptic input.

Figure 2-2: Polarization With Positive Uniform Fields. Positive fields are soma
depolarizing and have minimal effect of horizontal axons. S1-S4 represents pathways that
were activated by orthodromic bipolar stimulation. Positive fields should increase the
synaptic response because of somatic depolarization.

Figure 2-3: Polarization With Negative Uniform Fields. Negative fields are soma
hyperpolarizing and have minimal effect of horizontal axons. S1-S4 represents pathways
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that were activated by orthodromic bipolar stimulation. Negative fields should decrease
the synaptic response because of somatic hyperpolarization.

2.2 Electrophysiology
Brain slices containing a part of the primary motor cortex were prepared from
male young adult Wistar rats aged 3- to 6- weeks old, which were deeply anesthetized
with ketamine (7.4 mg/kg) and xylazine (0.7 mg/kg) applied intraperitoneally (i.p.) and
sacrificed by cervical dislocation. The brain was removed and immersed in chilled (2-6
ºC) ACSF containing (in mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl, 24
NaHCO3 and 10 D-glucose, bubbled with a mixture of 95% O2-5% CO2). Parasagittal
slices (450 µm thick) were cut at the distance of 2.0-3.0 mm from the brain midline using
a vibrating microtome and transferred to a holding chamber for at least 1 h in ambient
temperature. Slices were then transferred to a fluid-gas interface chamber perfused with
warmed ACSF (30.0±0.5 ºC) at 1.9 mL/min. The humidified atmosphere over the slices
was saturated with a mixture of 95% O2-5% CO2. Recordings started 2-3 h after
dissection.
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Figure 2-4: Schematic of Electrophysiology Setup. Uniform extracellular electric fields
were generated in all experiments by passing constant current across parallel Ag-AgCl
wires positioned in the bath across the slice. Activity was monitored in layer II/III (R1) or
layer V (R2) with a glass microelectrode. An additional field electrode (REF) was
positioned in an iso-potential to remove the uniform field artifact. Activity was evoked
with a bipolar stimulating electrode (S1-S4) positioned 500 µm from the recording
electrode in either layer II/III or layer V targeting one of the following synaptic circuits:
S1-R1, S2-R1, S3-R2, or S4-R1.

2.3 Uniform Electric Fields
The electric fields generated in the brain are not uniform (Datta 2009). Cortical gyrations
and pockets of cerebrospinal fluid create hotspots of current that on a macroscopic scale
is visibly not uniform. However, in this study we consider a uniform electric field on the
scale of the membrane length constant of the neuron (V=-Eλ) (Miranda 2007).
Effectively, the polarization along the somatodendritic axis should therefore also be
uniform with regions of hyperpolarization in elements proximal to the positive electrode
and depolarization in neuronal elements proximal to the cathode. In the rat M1 brain
slice, positive electric fields parallel to the somatodendritic axis is soma depolarizing and
negative fields are soma hyperpolarizing.

Chapter 3
Evoked Responses in Rat M1
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Stimulation of cortical synaptic pathways in the rat M1 using a bipolar stimulating
electrode evoked synaptic responses along the pathway up to 500 µm from the
stimulating site. The measured responses were field excitatory postsynaptic potentials
(fEPSPs) with a peak latency time of 4-7 ms. This chapter describes the characteristic
waveforms for different synaptic pathways and quantifies properties of the synaptic.

3.1 Field Excitatory Postsynaptic Potentials
Field-EPSPs were recorded from the extracellular space in response to orthodromic
stimulation of presynaptic afferent axons. Activation of afferent axons produces action
potentials that travel to the axon terminals. Upon arrival of the action potential at the
terminal calcium influx into the terminal leads to the release of neurotransmitters from
the presynaptic neurons into the synaptic cleft. The fEPSP is recorded in response to the
activation of sodium channels in the postsynaptic neurons. As AMPA and Na+ channels
open, an influx of Na+ into the postsynaptic cells produces an excitatory postsynaptic
potential. The field-recording electrode in the extracellular space records negativity due
the movement of positive charge from the extracellular space into the postsynaptic
neurons. The fEPSP is therefore an indicator of the synaptic activation of postsynaptic
neurons.
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Figure 3-1: Characteristic fEPSP in Layer II/III. Recorded from layer II/III of the rat
M1 in response to activation of horizontal afferents laterally anterior to recording site.

3.2 Isolating Non-synaptic Responses Using CNQX
In addition to fEPSPs (4-7 ms peak), an early field spike was observed in some slices that
was non-synaptically mediated as indicated by the time course (<2 ms peak) and
insensitivity to bath application of the non-NMDA receptor antagonist 6-cyano-7nitroquinoxaline-2,3-dione (CNQX). CNQX is a pharmacological agent that block
AMPA and kianate receptors on the post-synaptic neurons. This effectively prevents the
population of postsynaptic neurons from initiating EPSPs in response to orthodromic
bipolar stimulation.

Figure 3-2: CNQX-resistant Non-synaptic Response. Waveform before and after bath
application of CNQX. The fEPSP is eliminated, indicating it was synaptic in origin,
however a non-synaptic response remained. The response is recorded from layer V of the
rat M1 in response to activation of horizontal afferents laterally anterior to the recording
site.
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3.3 Characterizing Synaptic Responses Across Cortical Pathways
To investigate the role of distinct cortical pathways on synaptic efficacy the recording
electrode (a glass micropipette filled with 0.25 M NaCl, resistance 1-8 MΩ) was placed
in either layer II/III (R1) or layer V (R2) of the primary motor cortex. Orthodromic
stimulation targeting four distinct synaptic pathways previously identified in the rat
(Aroniadou and Keller 1993, Keller 1993, Aroniadou and Keller 1995, Castro-Alamancos
1995, Hess 1996, Rioult-Pedotti 1998), was applied with a bipolar platinum/stainless
steel stimulating electrode placed either 400-800 µm (stimulating electrodes S1 and S2)
or 1100-1300 µm (stimulating electrodes S3 and S4) below the pial surface to activate
fibers running within layer II/III or layer V, respectively. The stimulating electrodes were
placed either laterally anterior or posterior to the recording electrode targeting horizontal
corticocortical afferent synaptic connections in either of the superficial (S1 and S2) or
deep layers (S3) (Aroniadou and Keller 1993, Rioult-Pedotti 1998, Grzegorzewska
2004). Vertical intracolumnar connections were stimulated with a bipolar electrode (S4)
in deep layer V and recording electrode in layer II/III (R2) (Aroniadou and Keller 1993,
Fritsch 2010). Field excitatory postsynaptic potentials (fEPSPs) were evoked with
constant-current pulses (0.2 ms) delivered at 0.033 Hz. This relatively weak stimulation
did not evoke firing of the postsynaptic cells, and usually elicited a fEPSP having a single
peak (42 of 49 slices). Responses were amplified, filtered (0.1-500 Hz), acquired at a 10kHz sampling rate (1401 interface, CED, UK) and analyzed on- and offline (Signal 3
software, CED, UK).
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Figure 3-3. Characteristic Responses Across Synaptic Pathways. Waveforms from all
four distinct synaptic pathways.

3.4 Relationship Between Stimulation Intensity, Response Amplitude, and
Response Latency
The test stimulus intensity (30-200 µA) was adjusted to evoke half-maximum responses
based on input-output curves; no consistent relationship was found between fEPSP delay
and stimulation amplitude or fEPSP peak.
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Figure 3-4: Input-Output Curve. Input-Output curve during stimulation of horizontal
afferents in layer V of the rat M1. Recording electrode was position laterally posterior to
the stimulating electrode also in layer V. Horizontal red lines indicate 1st and 3rd
quartiles; 50% of latencies fall within this range.

Chapter 4
fEPSP modulation using DC electric fields
The stimulation protocol was designed to measure the acute (during field) changes in
fEPSPs evoked during the application of an electric field. Uniform fields (±10 V/m) were
generated by passing current between two large parallel Ag-AgCl wires positioned in the
bath across the slice for 1 sec starting 0.5 sec before bipolar stimulation.

4.1 Pathway Specific Modulation of fEPSPs by DC Fields
The primary motor cortex is characterized by functionally distinct afferent synaptic
pathways with specific axonal morphologies and orientations (Aroniadou and Keller,
1993); using the rat primary motor cortex slice preparation we tested the acute (during
field) effects of weak (8 V/m) uniform electric fields on synaptic efficacy in four distinct
cortical pathways. Field excitatory postsynaptic potentials were monitored in layer II/III
(recording electrode R1) or layer V (recording electrode R2) in response to activity
evoked by stimulation of posterior or anterior afferent synaptic pathways in layer II/III
(stimulating electrodes S1 and S2, respectively) and horizontal or vertical afferents in
layer V (stimulating electrodes S3 and S4, respectively) (Figure 2-1 and 2-2). fEPSPs
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were modulated pathway specifically – that is each pathway responded according to the
strength of the synaptic connection in that pathway.

4.2 DC Fields Modulate fEPSP Responses Polarity Specifically
In three of the afferent synaptic pathways tested fEPSP responses were significantly
facilitated (S1: posterior horizontal layer II/III, 6.5±3.0%; S3: horizontal layer V,
7.3±8.7%; S4: vertical layer II/III, 8.3±4.8%) by radial positive electric fields (+8 V/m),
with no significant effect in one pathway (S2: anterior horizontal layer II/III). Radial
negative fields (-8 V/m) reduced responses in the same three synaptic pathways (S1: 10±1.2%, S3: -6.4±6.9%, S4: -9.6±4%) with no significant effect in the anterior
horizontal layer II/III pathway (S2). There was significant variability in sensitivity across
individual slices; however, a change in fEPSP timing was not resolved. Overall, positive
fields enhanced fEPSP amplitudes and negative fields suppressed fEPSP amplitudes.
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Figure 4-1: Pathway and Polarity Specific fEPSP Modulation. DC fields modulated
fEPSP responses polarity specifically and pathway specifically. fEPSP amplitude is
reported as percent change from baseline during anodal and cathodal stimulation. Circles
represent average % change for individual slices.

4.3 DC Fields Modulate Non-synaptic Responses Polarity Specifically
In slices where a non-synaptic response was also observed, positive radial fields
facilitated (S3: horizontal layer V, 11±5.6%; S4: vertical layer II/III, 7.8±4.6%) and
negative fields reduced (S3: -11±5%, S4: -28.7±5.4%) this response.

Figure 4-2: Non-Synaptic Responses Modulated by DC Fields. DC fields modulated
non-synaptic responses polarity specifically. Nonsynaptic responses were recorded in
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layer V during stimulation of horizontal afferents and in layer II/III during stimulation of
vertical connections. As above, circles represent average % change for individual slices.

Chapter 5
Conclusion and Future Work
These experiments represent preliminary data on how DC fields can be used to modulate
synaptic communication. To summarize, we probed several distinct synaptic pathways
and recorded how synaptic efficacy is modulated in each pathway. Field polarity,
orientation, and cortical pathways all play an important role in determining whether
electrical stimulation is “excitatory” or “inhibitory”. We also found that DC fields do not
significantly modulate latency of the fEPSP. Cortical fEPSP response waveforms are not
like hippocampal responses. The characteristic waveform in cortical responses does not
contain the large population spike riding on top of the fEPSP and the peak latencies for
cortical neurons are also slower

5-1 LTP Experiments
The current experimental setup is ideal for measuring acute changes in extracellular
potentials but not suited for long-term measurements. Baseline drift confounds control
recordings making it difficult to resolve a change in fEPSP amplitude or slope. Future
work on long-term potentiation must first change the ACSF, temperature, or recording
chamber to improve stability.

5-2 Spontaneous and Evoked Activity
20

Additionally our system evoked responses from a quiescent system that had no ongoing
activity, like gamma oscillations (Reato 2010). The human brain is never quiet but rather
the power of oscillations is being actively modulated. Future studies must consider
synaptic modulation with ongoing activity. It has already been shown that spontaneous
activity can be modulated by electrical stimulation so we can perhaps extend this concept
to improving synchrony between brain regions like the hippocampus and cortex, which is
involved in memory consolidation. This would also extend my work on synaptic
pathways by probing the pathway between hippocampus and cortex.

5-3 Electric Field Directionality
The direction of the electric field will preferentially polarize neural compartments like
somas and axon terminals. Future work should take this into consideration by changing
orientation of the DC field to preferentially target axons and axon terminals. Experiments
on directionality should be interpreted in the context of cortical gyrations in humans
where axons run parallel to the surface of the head in the gyri and perpendicular to the
surface of the head in the sulci walls. tDCS generates radial and tangential components
and we hypothesis these components will preferentially polarize somas and terminals,
thereby evoking different results.
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